some centers. The frequency with which these procedures are performed nationwide has not been described. To date, no study has examined the national prevalence, regional variability, or temporal trends in the performance of CM surgery and associated procedures.
Methods
The Clinformatics Data Mart database (OptumInsight) contains health care claims data for all beneficiaries in a managed-care network with enrollees throughout the US. This data set comprises all enrollees who had participating medical and pharmacy insurance coverage at any time between January 1, 2001, and December 31, 2014-a total of 58,800,802 unique patients. Medicare-eligible individuals are included only if they have supplemental coverage through a private insurer. Data are organized by a specific patient identification number that patients retain, ensuring longitudinal follow-up that persists despite changes in plan details or gaps in insurance coverage. The data set includes information on medical claims for all conditions for these enrollees-demographic information such as age, sex, race, education level, and income as well as outpatient pharmacy prescriptions that were filled. This data set has been used in other fields, including cardiology, neurology, and ophthalmology. 33, 34, 45 Because the data were de-identified before we obtained them, the University of Michigan Institutional Review Board considered this a nonregulated study. We searched all claims for those with an ICD-9-Clinical Modification (ICD-9-CM) code of 348.4 (compression of brain, including CM-I). For patients who had a 348.4 ICD-9 diagnosis code listed for any medical claim, we examined all other claims, including inpatient and outpatient encounters as well as pharmacy prescriptions. Those with a diagnosis code of myelomeningocele without hydrocephalus (741.9x) or achondroplasia (756.4) were excluded from analysis to eliminate CM-II operations or foramen magnum decompressions. The claims were then searched for those containing a Current Procedural Terminology (CPT) code of 61343 (CMD) for the period from January 1, 2001, through December 31, 2014. In the case of multiple CPT 61343 claims, only the first was counted to represent the index surgery ( Fig. 1 ).
For claims that had CMD surgery for CM-I, we searched for other CPT codes to identify other surgical procedures performed at any point either before or after the CM surgery, including ventricular shunt placement (CPT 62220, 62223), cervical fusion (CPT 22590, 22595, 22548), and spinal cord untethering (CPT 63200). The ICD-9 diagnosis codes from any claim were used to identify the comorbidities of syringomyelia (336.0), hydrocephalus (742.3, 331.x), and scoliosis (737.3x, 754.2). Results were stratified by age group, sex, year of operation, and US census division ( Table 1 ). The average longest duration of consecutive insurance coverage was calculated for all beneficiaries of the plan, as well as for those undergoing CMD. Gaps in coverage of less than 1 month were considered as continuous coverage since eligibility was usually retroactive.
For this analysis, we considered a patient to have undergone a CMD if they had 1) an ICD-9 Chiari diagnosis code in any claim and 2) no myelomeningocele or achondroplasia ICD-9 diagnosis code in any claim and 3) a (2008) (2009) (2010) (2011) (2012) (2013) (2014) surgeries. Statistical analyses were performed using SAS software version 9.4 (SAS Institute) and Microsoft Excel 2011 (Microsoft Corp.). To compare our results from analysis via ICD and CPT codes, we used a previously validated algorithm to identify CMDs from facility billing data-that is, a primary ICD-9 diagnosis code of 348.4 as well as an ICD procedure code of either 01.24 (cranial decompression) or 03.09 (spinal decompression). 15, 22 results Our search identified 2434 index CMD procedures from 2001 to 2014, and the demographic characteristics of these cases are described in Table 2 . Among these cases were 841 patients (34.6%) who were 20 years of age or younger (children) at the time of surgery. The number of patients also diagnosed with hydrocephalus was similar between the age groups (13.8% in children vs 11.9% in adults, p = 0.19). Coding for scoliosis was more prevalent in children (24.6% vs 6.8%, p < 0.0001), as was coding for spinal cord syrinx (41.7% in children vs 27.7% in adults, p < 0.0001). Rates of shunt placement either before or after surgery were similar between age groups (3.6% in children vs 4.4% in adults, p = 0.33). The rate of cervical fu-sion was also similar (2.3% in children vs 2.8% in adults, p = 0.45). Children were more likely to undergo a spinal untethering procedure (1.7% in children vs 0.6% in adults, p = 0.008).
The average number of insured member-months per year over the 14-year period was 136,957,682 (range from 110,179,001 in 2001 to 150,381,400 in 2013). The proportion of insured members in each age group was stable over the study period except for members over 65 years of age, who had an increase in enrollment in private insurance because of the implementation of the Medicare prescription drug benefit (Medicare Part D) in 2006. Consequently, CMD rates in adults were calculated among the non-Medicare-eligible population. The average continuous insurance enrollment period for patients undergoing CMD was 1686 days, while the average continuous enrollment period for all patients in the database was 918 days. The annual insured member-months per year for pediatric patients ranged from 30,762,872 to 36,396,528. The incidence of CM diagnosis without surgery could not be reliably calculated given the lack of specificity of the diagnostic code alone (ICD-9 348.4) without the corresponding surgery code (CPT 61343). However, we noted that the number of patients having a first-time-use of the code 348.4 nearly tripled from 10 per 100,000 insured patient-years in 2001 to 27 per 100,000 insured patientyears in 2014.
The number of CMD procedures per enrolled beneficiary per year was calculated for each year (Fig. 2) , stratified according to pediatric and nonelderly adult age groups. The average yearly rate of CMD surgery for nonelderly adults increased 28% over the study period, averaging 1.4 per 100,000 adult enrolled years from 2001 to 2007 and 1.8 per 100,000 from 2008 to 2014 (p < 0.001). Among pediatric patients, the average yearly rate increased 51%, from 1.7 per 100,000 enrolled years from 2001 to 2007 to 2.5 per 100,000 from 2008 to 2014 (p < 0.001). The rate of cervical fusion and cord untethering showed an increasing trend with time but did not reach significance when rates between 2001-2007 and 2008-2014 were compared us- ing chi-square analysis (p = 0.07 for cervical fusion, p = 0.13 for untethering). Notably, the last 2 years of the study showed the highest rates of concurrent cervical fusion, with 4.0% and 5.9% of CMD cases also undergoing cervical fusion (Fig. 3 ). The rate of shunt placement did not change over the study period. The age distribution of patients undergoing CMD showed a bimodal peak, with the largest number of patients undergoing surgery in the 15-to 19-year-old age group and a later peak from ages 35 to 39 years ( Fig. 4 ). The sex distribution of those undergoing CMD varied significantly according to age (Figs. 5 and 6). Most of the patients undergoing CMD in early childhood were males, but females comprised a majority of all CMD patients beginning in the 2nd decade. Female patients showed large variations in the number of CMDs performed in each age range, and the bimodal peak seen among the total population was largely attributable to the female population. In contrast, male patients had rates of CMD that were stable through childhood, dropped slightly, and then remained largely stable through adulthood. Among pediatric patients, 444 (52.8%) were female; among adult patients, however, 1242 (78.0%) were female (p < 0.0001). Within the pediatric group, CMD was performed more frequently in boys in the 0-to 14-year-old age group, equally in girls and boys in the 5-to 9-year-old age group, and more frequently in girls in later childhood, reflecting a trend toward the adult sex distribution.
Race, household income, and household net worth were reported for 85.7% of enrollees in the health insurance coverage network, although some fields were missing or unknown for each category. Data stratified by age (pediatric vs adult) are reported for all enrollees in the data set as well as those undergoing CMD (Table 3 ). Significant differences were found in race, household income, and household net worth when comparing all enrollees and those undergoing CMD, in both the pediatric and adult populations. Among the pediatric population, those undergoing CMD were more likely to be white (85.9% vs 72.6%, p < 0.001) and from households with a net worth greater than $250,000 (42.7% vs 33.4%, p < 0.001). Among the adult population, racial differences were present but less pronounced, whereas household income and net worth were both lower in patients undergoing CMD as compared with the larger insured population.
Chiari malformation decompression surgeries were also stratified by region according to the US census division. Census division data were available for all but 5 of the 2434 patients who underwent a CMD procedure. The number of insured person-years per census division over the analyzed time period was calculated using the longest continuous coverage period for each enrollee. The annual rate of surgery for each census division was then calculated per 100,000 insured person-years ( Fig. 7) . The average annual rate of surgery ranged from 0.8 surgeries per 100,000 insured person-years in the Pacific census division to 2.0 surgeries per 100,000 insured person-years in the East South Central census division. One-way ANO-VA revealed a statistically significant difference between group means (p < 0.001), and the resulting extremal quotient was 2.5.
When we compared our own data obtained using our search methods to data that we derived by applying the techniques of Ladner et al. 15, 22 to our own data set, we found good correlation between the 2 techniques. Figure 8 shows the results of verifying our algorithm for identifying CMDs via ICD diagnosis and CPT procedure codes as compared with a validated algorithm using confinement data available from 2004 to 2014 for our population.
Discussion
We used a combination of ICD-9 diagnosis codes and CPT procedure codes to identify, from among a group of 58.8 million beneficiaries in a private managed-care network of enrollees throughout the US, 2434 patients who had undergone CMD procedures over a 14-year period. The results of our identification of CMD procedures correlated well with those obtained using a validated algorithm for the portion of the study time period for which hospital admission data were available. 15, 22 Previous studies of CMD have been primarily single-institution series on patients surgically treated at large academic institutions. Two groups of investigators, both using a sampling of hospital discharge data, have recently examined the performance of CMD on a multistate or national level. Analyses based on hospital discharge data alone do not allow one to estimate the incidence of surgery within a larger population since the denominator of patients served can only be estimated. 14, 16, 38 The nature of our data set, in which a finite number of patients were fully insured, allowed for these analyses, as well as an estimation of regional variability and temporal trends in the performance of CMD and accompanying surgeries among the insured population.
temporal trends
The increasing incidence of surgery in both the pediatric and adult populations noted in our study has been suggested by a multicenter validation study in which the number of surgeries increased significantly in 2009-2013 compared with the number in 2001-2008 at 3 academic medical centers, though it was unclear if this finding simply represented an increasing performance of CMD at tertiary care centers. 15, 22 One previous study of a national pediatric inpatient database did not show a change in treatment rates from 2001 to 2009. 38 However, we note that that study covered a time interval prior to the period for which we found an increasing performance of CMD and that the investigators used an unvalidated algorithm for identifying CM-I cases that did not exclude CM-II and did not account for alternate methods of ICD coding for CMD. While our analysis does not allow for a complete explanation for the increasing rate of CMD, we speculate that given the welldocumented rise in diagnostic imaging over the past 15 years, 40 increased radiological identification of CM may lead to more CM diagnoses and a subsequent increase in CM patients undergoing surgery. While the individual ICD-9 diagnostic code 348.4 is nonspecific and alone is insufficient to identify the diagnosis of CM-I, we do note that the annual number of patients assigned this diagnostic code for the first time nearly tripled from 2001 to 2014.
sex and age Distribution
Among surgically treated patients we found that while more boys in the 0-to 9-year-old age group underwent surgery, females outnumbered males in the teenage and adult age groups. Female patients showed increasing rates of surgery throughout childhood, peaked rates at ages 15-19 years, and a later peak at ages 35-39 years. Male patients had stable rates of CMD in childhood and lower but stable rates of CMD as adults. A high percentage (78%) of adult CMD surgeries were performed in women. Previous series on CMD in adults have also noted that a majority of patients are female, 2,29 whereas pediatric studies have reported nearly equal proportions of boys and girls. 2, 3, 42 In a large series of patients undergoing MRI, the average tonsil position was lower in females than in males in all age groups, but the discrepancy increased with advancing age between childhood and middle age, with the smallest difference in tonsil position in the 0-to 10-year-old age group. 39 This finding may explain the increasing prevalence of females undergoing surgery as age advances from childhood to adulthood in our current analysis. Another pediatric series found that while rates of CM-I diagnosis on imaging were similar between girls and boys, girls were more likely to have an associated syrinx or scoliosis, 41 possibly accounting for the increasing prevalence of diagnoses among girls in the teen years.
race and socioeconomic status
As is typical of a commercial claims database, our pri-vately insured population is not representative of the population as a whole; it is wealthier and less racially diverse. Even within that population, however, CMD among the pediatric patients was more often performed in those who were white and from a higher-net-worth household compared with the total insured population. Results differed for adults undergoing CMD, however, given that both income and household net worth were lower than in the total insured population. The reason for this finding is unclear. Black or Hispanic race has been reported to be a predictor of medical complications after CMD in the pediatric population, but to our knowledge no study has examined race as a predictor of surgical treatment. 16 We are not aware of any studies that have examined income or net worth.
syringomyelia
Using claims from all sources, including practitioner and outpatient claims, we found an overall spinal cord syrinx diagnosis rate of 42% in children and 28% in adults who had undergone CMD. These rates were stable over the study period. Previous studies based on inpatient data that did not include outpatient claims revealed syringomyelia in 29% of children and 19% of adults undergoing CMD. 14, 16 Syrinx is probably under-coded in studies using administrative databases that are limited to inpatient data since the additional syrinx diagnosis is not essential for facility billing. A recent analysis of all children undergoing imaging at a single institution showed that 23% of children with CM-I also had syringomyelia. 41 The percentage of CM-I patients with a syrinx is higher in surgical series, and rates as high as 76% have been reported. 6, 42 A large compilation of 145 separate reports describing CMD indicated that 65% of CM-I patients undergoing CMD had an associated syrinx. 2
tethered cord
The association between tethered spinal cord and CM-I is controversial. One group has diagnosed tethered spinal cord in up to 14% of patients with CM-I. 12, 28, 36 Another group has found no correlation between tethered cord and CM-I. 25 After efforts to exclude CM-II patients with myelomeningocele, we found a small number of patients who had undergone a spinal cord untethering operation in addition to CMD. Although the overall numbers were small and the difference was not statistically significant, there was a trend toward an increasing frequency of untethering procedures, with 6 performed in the first half of the study period compared with 17 in the second half. We must emphasize that these data merely show that such operations were performed. We are unable to make any judgment about the utility of these untethering operations.
cervical Fusion
Various rates of concurrent or associated cervical fusion operations in a subset of CM-I patients have been reported. 13, 17, 18 A large study of 500 surgically treated pediatric patients described cervical fusion in less than 1%, 42 while at another center 19 of 101 surgically treated children had cervical fusion because of complex Chiari morphology. 3 In the present study we found that 2.6% of pa-tients undergoing CMD also had cervical fusion. Although there appeared to be a trend toward the increased performance of fusion, with 19 procedures (1.9%) performed in 2001-2007 compared with 44 (3.1%) in 2008-2014, this trend only approached statistical significance (p = 0.07). It should be noted that the years with the highest rates of cervical fusion were the last 2 years in our analysis (2013 and 2014). Further study is required to see if this increase continues in subsequent years.
regional variation
Although the practices described in single-center surgical series differ significantly, we are aware of no largescale database descriptions of US regional variations in rates of CMD. One study of a national database described the number of surgeries performed in large regional categories (Northeast, West, Midwest, South) but did not estimate the total number of eligible patients in each region. 38 We calculated rates of surgery for each of the 9 US census divisions by dividing the number of surgeries performed by the total number of insured member-years in each region. Rates varied from 0.8 surgeries per 100,000 insured person-years in the Pacific region to 2.0 surgeries per 100,000 insured-years in the East South Central region ( Fig. 7 ; p < 0.001 for ANOVA difference between means).
study limitations
Administrative databases are increasingly used to analyze trends in and outcomes of treatment at a population level. The strengths as well as the limitations of these studies have been well-described. 19, 20, 31, 37 Clinical inference based on medical claims data are not as accurate as that based on a direct review of medical charts since the data in the former case were originally collected from the medical record for claims processing and payment as opposed to research. Even when codes are assigned as accurately as possible based on the clinical situation, there is a wide degree of variation in the sensitivity and specificity of ICD diagnosis codes, ICD procedure codes, and CPT codes. 23 For this reason, much of our analysis was based on patients who had been assigned both ICD and CPT codes consistent with CM and decompression. The Clinformatics Data Mart database is also specifically limited in its applicability to the general population since it contains only privately insured patients or those with private supplemental insurance in addition to Medicare. Most administrative database research in neurosurgery has relied on inpatient facility admission data. The newer databases that include longitudinal follow-up; outpatient, provider, and prescription claims; and a denominator of the entire population of beneficiaries allow more opportunities to analyze the prevalence of disease and treatment outcomes. 23 In the present study there were fewer instances of missing or unknown data for patients undergoing CMD than for other patients in the data set, presumably because of the increased number of claims and interactions with the health care system in the former group.
The more essential a code is to the billing process, the greater the likelihood it will be accurately included in the medical record and administrative data set. 10, 20 Conversely, events that are unimportant to the billing process are less likely to be correctly coded. The availability of CPT codes in our database allowed for direct identification of surgeries for which a neurosurgeon had submitted and an insurer had paid a bill for code 61343, "Craniectomy, suboccipital with cervical laminectomy for decompression of medulla and spinal cord, with or without dural graft (eg, Arnold-Chiari malformation)." The ICD procedure codes, though important for facility fees, are not as specific for identifying procedures, and the performing surgeon is generally not involved in their application. Thus, given the specificity of this CPT code, its availability over the entire study period, and its future availability and planned use despite the implementation of ICD-10, we chose to use it for the identification of CMD. Since the CPT code 61343 is associated with a significant surgical fee, it is important for most or all surgeons to ensure that it is accurately included in the record. Use of the CPT code for CMD was the basis for the sensitivity determination of ICD codes performed by Greenberg et al. 15 and Ladner et al. 22 Similarly, the codes for associated surgical procedures are quite specific, and we believe that they are likely to be reliably recorded.
In some instances, ICD diagnosis codes continue to be useful, especially when combined with CPT codes for analysis. For example, we relied on ICD codes to exclude CM-II patients with myelomeningocele as well as patients with achondroplasia who had undergone foramen magnum decompression. Differentiating CM-I from CM-II by using administrative data can be challenging. Using record review to validate their algorithm for the identification of CMD, Greenberg et al. and Ladner et al. found that CM-II decompression was the most common cause of both falsepositives and false-negatives in their algorithm of choice for adults and the most common cause of false-negatives in children. 15, 22 We found that a large number of patients had diagnostic codes indicative of CM-I and CM-II in the medical record. Since all patients with CM-II have a diagnosis of myelomeningocele, we attempted to eliminate the patients with CM-II by excluding all patients who had a diagnosis of myelomeningocele anywhere in their medical record. Given that our database includes not only inpatient admissions but also outpatient visits, labs, and pharmacy claims-all of which require an associated diagnosis code when billing-we believe that our chances of missing a diagnosis of myelomeningocele would be reduced. Similarly, the most common false positive in identifying CM-I in children was foramen magnum decompression; 22 therefore, we eliminated all patients with an ICD code for achondroplasia anywhere in the medical record.
To validate our methods, we applied the method of Greenberg and colleagues 15, 22 to our own data and found concordance with the data derived using our own methods. For our data set, facility discharge claims data were available only for the years 2004-2014. Using our method, we identified 718 pediatric CMD procedures and 1352 nonelderly adult CMD procedures in our data set over that time period. Using our data set and the method of Greenberg and colleagues, we found 725 pediatric CMD procedures and 1156 adult CMD procedures. We attribute the larger difference in the adult decompressions to the lower sensitivity found by Greenberg and colleagues in using their algorithm in adults (83%) compared with its use in children (89%). Year-to-year variation was similar using both methods, showing good concordance (Fig. 8 ).
conclusions
We analyzed CMD over a 14-year interval by using a large nationwide administrative database including outpatient and inpatient information. The rate of CMD in children increased 51% from the first half of the study compared with the latter half, and the rate among nonelderly adults increased 28%. A CMD was performed in more boys than girls under the age of 10 years. Among patients older than 10 years of age, females were more likely to undergo CMD, especially those in the adult age range. Pediatric patients undergoing CMD were more likely to be white and to come from a household with a higher net worth. A nonsignificant trend in the increasing frequency of cervical fusion and spinal cord untethering was seen over the study period. Significant regional variability was identified, with double the rates of decompression in the East North Central and East South Central census divisions as compared with those in the Pacific and Mid-Atlantic census divisions.
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